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Abstract—Gate driver circuits to ensure proper turn-
on and turn-off for power switches are essential parts
of a power converter design. They become significantly
challenging for multilevel converters where multiple
switches are operated at active voltage domains. Recent
favorable use of Gallium-Nitride (GaN) devices for power
switches makes gate driving even more difficult as the
switch performance and reliability are very sensitive to
variations of the gate driving signals and power rails
compared with traditional power MOSFETs. This paper
discusses gate driving methods using a multi-level multi-
inductor hybrid (MIH) converter as the demonstration
prototype to address two key challenges in designing gate
drivers: 1) providing level-shifted PWM signals to active
voltage domains and 2) powering schemes for gate driver
circuits. To solve the first challenge, an optimal use of
available half-bridge drivers is proposed to eliminate the
need for separate signal isolator chips. This method was
implemented and verified in a MIH converter prototype
for 48-V Point-of-Load (PolL) applications using three
different powering schemes for gate drivers, including
isolated power modules, regulated supplies from switch
blocking voltages, and cascaded bootstrap power rails
with regulations. The gate driver techniques and powering
schemes are compared experimentally in terms of
performance to illustrate their benefits and trade-offs.

[. INTRODUCTION

ultilevel hybrid DC-DC converters have made
Msigniﬁcant contributions to bolster the recent rapid
expansion of power electronics impact. Their successful
integration in power supply for high-performance computing,
automotive applications, space devices, and domestic
appliances, etc., has paved the path for a long-term strong
establishment in the field. Particularly, they emerge as the
most appealing candidate for non-isolated Point-of-Load
(PoL) converters in data centers and telecommunications
systems. Recently, a number of different multi-level hybrid
converters have been demonstrated for this application where
moderate to extreme step-up or step-down conversions are
necessary, for example, 48V-to-12V [1]-[4], and 48V-to-1.8V
[5]-[14], etc. These converters have been demonstrated with
resonant operations for highly-efficient fixed conversion
ratios [1]-[3], [5], [6] or regulated output operations with
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pulse-width modulation (PWM) duty cycle control [4], [7]-
[10], [12]-[14]. With superior performance over conventional
Buck converters, these hybrid converters promise significant
improvement of the overall system efficiency and power
density.

Despite their clear advantages in power conversion, their
market penetration is still hindered with the concerns over
a number of design challenges, especially gate drivers for
a relatively large number of stacked power switches. The
designs of these hybrid DC-DC converters share a common
characteristic that they utilize more switches and passive
components to reduce voltage stress on them individually. The
lower voltage stress enables the use of devices with lower
voltage ratings and higher density for higher system efficiency
and smaller overall space. However, a large number of power
switches means a challenge in the increased complexity of
gate drivers. To make it worse, many power switches in these
multi-level hybrid converters are operated at different voltage
domains and shifted levels.

Figure 1 depicts a Multi inductor hybrid (MIH) converter
[15], [16] as an example of multilevel hybrid converters,
utilizing 12 switches, Swy.j». This converter can be operated
in multiple ways with different operating numbers of inductor
energizing phases. Fig. 1a and Fig. 1b show the configurations
for 2 phases and 6 phases respectively. In this converter,
switches Swy_ 1, are operated at the ground level, i.e. their
Source terminals are connected to the ground, while the
other 6 switches, Swi¢ are stacked on top switch Swy.
Although there are various types of multilevel converters,
such as duty cycle controlled flying capacitor multi-level
(FCML) hybrid converters [7], [17], [18] and multi-phase
multi-inductor hybrid (MIH) converters [10]-[15], [19], and
a broad variety of resonant or hybrid switched converters [1]-
[3], [6], [20], [21], the stacked switch structure similar to Swy.7
in Fig. 1 is common in these converter families. The ground
switches Swry_1, are relatively straightforward to drive, but it
is challenging to drive the six stacked switches Swj.¢ while
satisfying reliability and performance across all operating
points. The most fundamental stacked switch configuration is
a half-bridge. Since gate driver integrated circuits (gate driver
ICs) are often intended for only one single switch or two half-
bridge switches, there is no single gate driver IC product that
can drive a large number of stacked switches in multilevel
converters.

This paper presents an optimal use of half-bridge drivers
that takes advantage of built-in signal isolators in Section II.
In Section III, a review of traditional and discussion of new
schemes to generate power rails for the multi-level converter
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Fig. 1: Multilevel hybrid converter example: 6-level MIH
converter

are provided. Section IV presents experimental results and
verifications of the circuits presented in Section II and III.
The paper is finally summarized and concluded in Section V.

Il. OPTIMAL USE OF HALF-BRIDGE DRIVERS

There are a number of techniques known for powering
flying drivers, whose voltage domains are switched in normal
operations of converters, some of which will be covered
in Section III. However, techniques to level-shift control
signals from the ground level to appropriate flying voltage
domains using discrete components can still benefit from
further improvements for a smaller discrete component count
and space. Commercial signal isolators rely on inductive or
capacitive couplings to convey control signals to different
voltage levels [22], [23]. Because of the relatively large
passives required for isolated coupling and the nature of
being discrete components, signal isolator ICs are often area-
consuming and can be even larger than the switches that
they are driving. This is a common problem in many power
converters that have multiple synchronous power switches
such as multi-level converters. In addition, these isolators can
also add significant delays to the critical signal path, leading
to more complex timing control. It is, therefore, desirable
to minimize the number of signal isolator ICs required in
converter design.

It is widely known that typical commercial half-bridge
driver ICs have a built-in capacitive signal isolator. This half-
bridge driver is usually used to drive a half-bridge switch
pair where the top driver drives the switch that is stacked
immediately on top of the one driven by the bottom driver
[11, [18], [24], [25]. However, it is much less recognized that
the built-in signal isolator in a half-bridge driver is capable of
a large voltage difference and can actually be used in place of
a signal isolator. Utilizing this built-in capability can optimize
half-bridge gate driver functionality and eliminate the need for
all discrete signal isolators in multilevel hybrid converters.
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Fig. 2: Optimal use of half bridge drivers with integrated signal
isolators.

Figure 2 depicts the switched capacitor (SC) part of a Series
Capacitor Buck Converter (SCBC) [19] as an example where
half-bridge driver ICs and their built-in signal isolators are
proposed to be used in a new configuration to remove the need
for discrete signal isolators. The power converter architecture
has 4 switches in Fig. 3a, two of them, Sw; and Sw, are
stacked on a ground-level switch Sws. Switch Swy is at the
ground level and operated in a complementary phase to Swy.
Flying capacitor Cg; connects switch Swy to Swy, Sw, and
the rest of the circuit.

In this power converter, directly stacked switches Sw; and
Swj can be driven by a half-bridge driver IC. As switches Sw,
and Swy do not share a common switching node as in usual
half-bridge switch pairs, they may not immediately appear to
be controllable by a single half-bridge driver IC. However,
the power-transfer capacitor Cg; connecting them acts as a
DC voltage source in operation transient, ensuring that their
operation is logically complementary in the same manner
of a half-bridge switch pair with a DC voltage separation
equivalent to the voltage across Cgi, V¢,.,. Recognizing that
the signal isolator built in a half-bridge driver IC is capable of
this voltage separation, only one driver IC is utilized to drive
Sw, and Swy Particularly, the built-in signal isolator can bring
the gate control signal up for Sw, while the high-side driver
for Sw, can operate at a V., from the ground. This proposed
method results in more optimal utilization of gate driver IC
and removes the need for an additional signal isolator that
would have been needed for Sw, in the traditional solution
[24].

It is worth noting that the example circuits in Fig. 2
represents the lowest 2 levels of the SC stage in an N-level
SCBC, where N can be a number greater than 2 [12], [14],
[15]. This optimal use of half-bridge drivers can be extended
to drive all other high-side switches in the stack in multi-level
hybrid converters [10]-[12], [15], [26].

[1l. POWER RAIL GENERATION

Together with the new optimal half-bridge driver scheme
presented in Section II, it is important to devise appropriate
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Fig. 3: Optimal use of half-bridge drivers in multilevel hybrid converter with different powering schemes

methods to power high-side gate drivers operated at different
voltage domains. There are many methods to achieve this goal
as also presented in the comprehensive review reported in
[24]. However, the methods have their own limitations which
come in the way of practical implementation for a compact
and reliable solution. This paper investigates three suitable
powering schemes for the multi-inductor hybrid converter and
provides more detailed comparison and design insights to help
converter designers choose a suitable solution.

Three powering schemes of particular interest are isolated
power modules (Fig. 3a), regulated supplies from switch
blocking voltage (Fig. 3b), and regulated supplies from
cascaded bootstrap (Fig. 3c). In this work, they are
implemented and demonstrated with the optimal half-bridge
driver scheme described above. This section will provide
descriptions of their operations, trade-offs, and design
insights, while experimental demonstrations and measured
performances are provided in Section IV.

A. Use of isolated power modules

As a straightforward method, isolated power modules can
be used for driving high side switches, Sw; and Swy,
shown in Fig. 3a. When the SCBC is extended to a larger
number of levels, i.e. more SC stages, this powering method
can be reliable as will be shown in Section IV. However,
isolated power modules often have relatively large parasitic
capacitance between the primary and secondary ground which
can significantly limit the switching frequency and transient
performance of the converters, and increase switching loss.
Therefore, an exhaustive search for isolated DC-DC converter
modules is recommended to find the lowest possible isolation
capacitance to improve converter performance [27]. A key
drawback of isolated power modules is their sizes that are
often significantly larger than other components of the circuit,
including both power switches and gate driver ICs [27], [28].
In addition, they are relatively inefficient, with efficiency
limited to below 60%, and capable of a relatively small load
range [27]. The inefficiency increases gate driving losses that
could be significant at light loads, which get worse when
many modules are used for multiple high-side switches. It
is therefore desirable to find a more compact and efficient
method to power high-side switch drivers.
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B. Regulated supplies from switch blocking voltages

In multi-level converters, there are many intermediate
voltage nodes switching at levels that can be utilized to
generate flying voltage domains to drive high-side switches.
From this recognition, another method to generate flying
power rails from the converter switching nodes is explored to
replace the isolated power modules in Fig. 3a. In the circuit
shown in Fig. 3b, the blocking voltages of high-side switches
Sw; and Sw, when they are off can be used to generate its
Vgs driving voltage. For example, when switch Sw; is off, the
voltage between its drain and source terminals can be used to
charge capacitor Cy; via diode D;. In multilevel converters,
this capacitor voltage is often larger and can then be regulated
down to the required .5-V level to drive Sw; using a linear
low-dropout regulator (LDO). A similar operation can be
observed for Sw, and its related circuit. Although this method
consists of multiple discrete components, including an LDO,
a diode, and two capacitors, because they are compact, the
implementation space for this regulated flying supply domain
is still significantly smaller compared to a standard isolated
module. Therefore, this flying rail powering method helps
reduce the overall area for gate driving circuits.

A key limitation of this powering method is the intrinsic
nature of the LDO: its efficiency is low when there is a
big difference between the blocking voltage (~V(,,) and the
required Vgs level (.5 V). Unfavorably for this method, the
blocking voltage depends on the converter topology, input
voltage, and output current. When the input voltage increases,
the blocking voltage increases linearly, and hence, the LDO
efficiency decreases and gate driver power loss increases.
Although having less impact, higher output currents also cause
efficiency degradation in the LDOs and gate drivers as a
consequence of larger voltage ripples on the main flying
capacitors, leading to larger differences between the blocking
voltages of high-side switches (~V(,,) and the LDOs’ output
(-5 V).

C. Regulated supplies from cascaded bootstrap circuits

To reduce the voltage difference between the input and
output of gate driver LDOs and avoid the dependence on the
converter’s input voltage and output current, another powering
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(b) Gate driven charge-pump.
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Fig. 4: Example of charge-pumps

scheme for high-side gate drivers is desirable. Figure 3c shows
a circuit for a cascaded bootstrap circuit with additional LDOs
added to all power domains of gate drivers. Although this
cascaded bootstrap structure still has a diode voltage loss at
every stack level, the input supply voltage Vgympy can be
increased to overcome the series diode stack to support the top
driver while the LDOs regulate the same safe driving voltage
for all the gate drivers. Particularly, in the circuit shown in Fig.
3¢, Vsupply is provided at 5.6V, accounting for 0.5V diode
drop in 2 cascaded stages to provide .5.1 V at Cy,. From
Cx2, the LDO can have a 100mV drop-out voltage margin to
regulate a 5V supply for the flying voltage domain driving
SWz.

In this method, cascading bootstrap circuits for a large
number of stack switches will result in a large accumulation of
multiple diode drops, requiring a large Vsypply for operation. A
large Vsypply, in turn, put the LDOs at the bottom and lower
voltage domains of the stack at low efficiencies because of
large input/output voltage differences. Therefore, there have
been new engineering efforts in both industry and academia to
replace the bootstrap diodes with synchronous active devices
in a more integrated approach [4], [29]. This can mitigate
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Fig. 5: Experimental waveforms of gate to source voltages of
stacked switches using modified charge pump method

the requirement for high Vguypy and reduce the number of
LDOs to improve gate driver efficiency. This paper focuses
on commercially available parts for our developments, but it
is still worth mentioning that ultimately, one would like to have
a similar more integrated solution to achieve a more optimal
power driving scheme which will need further investigations.

D. Discussion on recently popular charge-pump methods

Double charge-pump bootstrap circuit together with LDOs
was proposed as an alternative [30] illustrated in Fig. 4a.
This method uses a lower-level driver to charge-pump higher
bootstrap voltage instead of using a separate switch as in [31],
[32]. The key idea in double charge-pump circuits is to utilize
two cascaded charge-pump to double the bootstrap voltage to
overcome diode voltage drops, then use an LDO to regulate the
driver supply voltage to the desired ~5V level. This method
has been popular in recent days, and there is also a variation of
this circuit named gate driven charge pump claimed preferred
option for hybrid converters [24], [30]. This method is also
shown in Fig. 4b.

While the operations of the charge pump circuits can use
the same Vgyppy level, they suffer from a serious practical
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issue that comes from the loading effect on drivers at lower
voltage domains. In today’s gate driver ICs commercially
available for GaN FETs, the drivers are generally designed
to drive one switch. However, in the operations of double
charge pump circuits, the bootstrapped driver (Driver;) of
each voltage domain needs to also drive the charge to bootstrap
capacitors for higher domains. Particularly, during the charging
of Cp, and Cpy in the double charge-pump circuit of Fig.
4a, Driver; and Drivers carry turn-on current for switch
Sw; and switch Sw; and the current required to charge
capacitor Cy, and Cpy respectively. Furthermore, when more
switches and stages are stacked on top of switch Swy, the very
heavy accumulated loading comes to Drivers; and ultimately
Driver;. In practice, as gate driver is not generally designed
to carry this level of large loads, its ON resistance comes
into the picture, lowering the actual Vgs; of Sw; and Vgs;
of Sws. Because of these non-idealities, actual values of Vs
and Vgs3 can become as low as ~4.3 V and 3.1 V. This
~3.1V is far below the required level to properly turn on

switch Swj, leading to low converter efficiency and failure
of Swj. Note that, this effect is separate from the effect of
the gate voltage drop from the bootstrap diode. In Fig. 4a,
bootstrap diode has effect on Vgs3 and Vgss. The loading
effect of the driver has effects on Vgs; and Vgs3. As non-
ideality of Vgs3 comes from both the sources, the worst case
can be seen on the magnitudes of it, and it has higher chances
of failures. Depending on the nature of a multilevel converter,
a failure of one switch can expose other switches to voltage
levels much higher than their ratings, causing cascaded failures
and irreversible damages to the whole converter. Experimental
demonstration of this phenomenon has been provided in Fig.
5. The circuit in Fig. 4 has been implemented, all the gate and
source voltages have been measured, and the gate to source
voltages have been calculated from the measurements.

This practical problem is common in many double charge-
pump circuits. The gate-driven charge pump method claimed
as preferred in [24] and illustrated in Fig. 4b also suffers from
the same problem. Drivers in Fig. 4b supply the currents to
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(c) Stacked switches of 6-Level MIH Converter using optimized half-bridge drivers and regulated supplies from the cascaded bootstrap method.

Fig. 6: Schematic diagrams of the implemented converter prototype using different driver, signal isolator, and powering schemes
(Stacked Switches and their driver circuits are shown. Inductors, output capacitor and load are not shown.)
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Fig. 8: Multi-level multi inductor hybrid converter prototype,
reconfigurable for different schemes in gate driver, signal
isolator, and powering flying voltage domains.

turn on switch SW3 as well as Sws and Swg by charging Cys.
The key solution to this problem is to utilize the strong power
switches of the converter, rather than those weaker transistors
of the gate drivers, to drive the charge-pump capacitors, as
shown in the two powering schemes discussed in subsection
III-B (Fig. 3b) and Section III-C (Fig. 3c) above. The strength
of the main power switches is capable of satisfying the current
stress needed by multiple gate driver bootstrap circuits.

IV. HARDWARE IMPLEMENTATIONS AND EXPERIMENTAL
RESULTS

In order to verify their steady-state and transient operations
of the proposed level shifting method in Section II, a multilevel
multi-inductor hybrid (MIH) converter has been implemented
whose schematic is shown in Fig. 1. The hardware prototype,
shown in Fig. 8, has been designed with careful layout
considerations to have short gate driving loops decoupled from
the power loops.

The prototype in Fig. 8 does not use any separate level
shifters for the floating switches of multiple levels. Instead,
it has been implemented with the isolator-less, optimized
half-bridge driver method using the internal integrated level
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Fig. 9: Experimental waveforms of the MIH converter using
optimized half-bridge drivers and regulated supplies from

cascaded bootstrap method. operating condition : Number of
phases=2, Vi;,=48V, I} 1,q=10A and Duty cycle=10%

shifter of a standard commercial half-bridge gate driver IC
LMG1210. A detailed diagram of LMG1210 is shown in Fig.
7. To compare the trade-offs of the powering methods, the
prototype board has been reconfigured for different powering
schemes as drawn in details on Fig. 6. Fig. 6 illustrates the
main power components including all the switches and flying
capacitor and the detailed connections of the gate driving
circuits using a 9-pin block for the LMG1210 gate driver
IC. Particularly, Fig. 6a, 6b and 6¢ show three different
high-side driver powering schemes: isolated power supply
modules, regulated supplies from switch blocking voltages,
and regulated supplies from cascaded bootstrap method. With
experimental demonstrations, the validity of the level-shifting
technique have been shown and different powering schemes
have been compared for trade-offs.

The hybrid converter in Fig. 1 can be operated with
a minimum of 2 to a maximum of 6 energizing phases.
Operating the converter at multiple phases, the ripple currents
of the six inductors can be minimized to have low output
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Fig. 10: Experimental waveforms of the MIH converter using
optimized half-bridge drivers and regulated supplies from
cascaded bootstrap method. operating condition : Number of
phases=6, V;,=48YV, I1,,g=10A and Duty cycle=32%

voltage ripple. The converter has twelve switches in total,
six of which, Swy_j,, are at the ground level and the other
six, Swjg, are stacked on Sw;. Six half-bridge drivers
LMGI1210 ICs are employed to drive the 12 switches in this
implementation. While Sw;-Swy pair is directly connected
and operated as a conventional half-bridge, the remaining 5
switch pairs, Sw,-Swg to Swg-Sw,, are connected via 5 flying
capacitors, Cg; to Cgs, respectively. All the switch pairs which
receive complimentary driving signals are driven with separate
gate driver ICs. Hence, six half-bridge driver ICs are used for
six switch pairs.

In the circuit in Fig. 6a, an LDO is used after each
isolated power module to regulate the gate driver supply
voltage at .5.0-5.5 V, recommended for sensitive GaN
switches [27], [34]. These LDOs can be avoided if the
isolated power modules can maintain a tight voltage close
to 5 V. As the implementation also targeted reconfiguribility

ublication/redistribution requires IEEE permission. See http://www.ieee.or;

for other powering scheme validation, these LDOs provide
benefits of simple modification from one powering scheme to
another described in Fig. 6. Note that the LMGI1210 driver
conveniently comes with an integrated LDO for its bottom
driver. Therefore, no additional discrete LDO is needed for
the ground switches Swy-Swy,, while operating with cascaded
bootstrap method shown in Fig. 6c¢.

The powering method where switch blocking voltages are
used to derive the power rails (Fig. 6b) does not work when
the input voltage is low such that switch blocking voltages are
reduced to less than 5V, i.e. not enough voltage to provide
to the LDOs. This scenario can be seen at startup when
input voltage starts increasing from zero. In this particular
implementation, this powering scheme starts working for
an input voltage from .18 V. In normal operations of the
converter with Vj, at 40-60 V, switch blocking voltages are
at least ~6.5V for LDOs for Sw;¢ and ~13V for LDOs for
Sws_s. These voltages are high enough to warrant the intended
operation of the circuits.

In Fig. 6c, the implemented cascaded bootstrap circuit
involves a chain of seven drivers. Among these seven drivers,
the top six are the high side drivers of six different gate driver
ICs. This is a new demonstration of the cascaded bootstrap
method where the cascading between the drivers involves both
being the high side drivers. Previous implementations were
only done within the half-bridge driver IC or from one sigh
side driver of a lower level half-bridge driver IC to the low
side of another higher level half-bridge driver IC.

The 2P6IHC prototype with all three driver powering
schemes was also tested for durability and reliability in both
steady state and transient conditions. These methods did not
show any significant differences in their performances under
the test conditions. As the cascaded bootstrap method is the
most attractive one among them in terms of efficiency and
area, test results associated with this method is particularly
shown in this work. The steady-state operation is measured in
Fig. 9 showing the intended operation to provide the right 5V
Vs for all stacked GaN switches. This measurement has been
taken at 48 V input voltage with 10% duty cycle operation
for all the phases. The gate and source signals are measured
separately using separate probes with respect to the ground.
Fig. 9a shows measurements of some of the gate signals, while
the converter was in operation. Separately measured data were
collected and plotted together in Fig. 9b to clearly show the
distinctive levels of the different gate and source signals. Fig.
9c illustrates the gate to source voltages of each of the stacked
switches separately. This validates the proposed level shifting
method for the application of a multi-level converter along
with the powering scheme.

To show the effectiveness of this method over a broader
range of duty cycle and multi-phase operations, this
experiment has been repeated in Fig. 10 with the converter
operating in 6 phases with 32% duty cycle. Fig. 10a includes
the measurements of multiple gate and source voltages of the
converter, Fig. 10b includes the plot of all the gate and source
voltages of the stacked switches and Fig. 10c includes the gate
to source voltages of each individual stacked switches.

It is also desirable to verify the performance of the proposed
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(b) 10A to 20A load transient performance.

Fig. 11: Measured transient gate signals of the MIH converter prototype using optimized half-bridge driver and regulated
supplies from cascaded bootstrap method.
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(a) Load transient of 1A to 108A of 6-level MIH converter for
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(c) Line transient of 40V to 60V of 6-level MIH converter for
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(d) Line transient of 60V to 40V of 6-level MIH converter for

1.2V/25A operation

Fig. 12: Reliability testing of the demonstrated gate driving circuits at very high transients
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TABLE I: List of components and comparison for different gate drivers and powering schemes

Gate driver Half-bridge drive Optimized half-bridge driver
Powering scheme M:Ii:feﬁ i(igble Isolated supply Regulated supplies from Cascaded
ge-pump modules switch blocking voltages bootstrap + LDOs
2-Phase 4-inductor .
Converter prototype Hybrid Converter [12] 2-Phase 6-Inductor Hybrid Converter [16]
Number of levels 4 6 6 6
Total number of switches 8 12 12 12
Ground level switches 4 (2xEPC2023) 6 (2xEPC2023) 6(EPC2023) 6(EPC2023)
Stacked switches 4 (2xEPC2015¢) 6 (2xEPC2015¢) 6(EPC2015c¢) 6(EPC2015¢)
Single gate drivers 4 (LM5114) 0 0 0
Half-bridge drivers 2 (LMG1205) 6 (LMG1210) 6 (LMG1210) 6 (LMG1210)
Isolated supply modules 0 6 (CRE1S0505S3C) 0 0
. . 2 2-channel
Signal isolators (SiS423BB-D-IS) 0 0 0
Diodes 4 (CRS08) 0 6(CRS08) 6(CRS08)
2 .
LDOs 6 optional 6 6
(TPS70950DBVR) (TPS70950DBVR) (TPS70950DBVR) (TPS70950DBVR)
Driver supply voltage 5V/123mA SV247mA SV/3TmA + 48V/6mA 6.7V/53mA
and current
Gate switching power” 0.332W 0.498W 0.249W 0.249W
Driver efficiency” 54% 40.32% 52.64% 70.1%
Implementation area’ 265 mm? 520.54 mm?2 124.8 mm? 124.8 mm?
Performance poor moderate good good
Favorable solution no Area dependent yes yes
*_Calculated with gate charge provided in the switch data sheets.
** Measurements are taken at no load.
- . Gate Switching P
EfﬁClenCy = Drive supplyqve(ylt:gccx]];iv: Zl?ply current
 Calculated without the area of the capacitors used in gate driving circuits.

level shifting technique during operation transients. 8V line
transients and 10A load transients with cascaded bootstrap
method are also shown in 11a, and 11b. In these figures, all the
gate and source voltages are measured. Gate to source voltages
are calculated from these measurements and plotted before,
during and after the transients. Steady 5V for all the Vgs
suggests this method reliable during all the transient states.
The converter has been also exposed to very high line voltage
and load current change, and the converter was reliable during
the measurements. These measurements are included in Fig.
12. Figs. 12a-12b show the load change of .100A and Fig.
12¢-12d show the line voltage change of ~20V. Fixed output
voltages with large transients proves the effectivity of the
demonstrated method with dynamic duty cycle changes during
the transients. These measurements have been conveyed with
the converter operating in 6 phases.

Table I includes a comparison of the gate driving and
powering methods investigated in this paper on a number
of characteristics and trade-offs. Optimal utilization of the
signal isolator built-in to commercial half-bridge drivers
creates new opportunities to save significant areas of discrete
signal isolators. This method combined with either regulated
power supplies from switch blocking voltages or regulated
power supplies with cascaded bootstrap can yield an overall
significantly smaller area while achieving both high driving
efficiency and reliability. In these better powering schemes,
the cascaded bootstrap and LDO regulation for every stage
produces a high driving efficiency of .70% because of the
flexibility to set small voltage drops across the LDOs. The
driving efficiency is calculated from the gate driving loss
from the data sheet and the measured driving power in the
experiment.
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V. CONCLUSION

In summary, a number of methods to power and
drive stacked switches in a GaN-based multi-level multi-
inductor (MIH) hybrid converter have been discussed and
experimentally demonstrated in this work. Their trade-offs
and challenges have been discussed from different aspects of
practical implementations to help designers choose a suitable
solution for particular design needs. In practice, gate driver
circuits can cause faults and failures in converters using
sensitive GaN FETSs. Hence, it is desirable to choose a set
of proper level shifting techniques for PWM signals and
powering schemes for reliable operations while maintaining an
overall compact and efficient implementation. An isolator-less
method has been devised for small area implementation and
demonstrated with different powering schemes for elevated
domains. A 6-level 6-inductor hybrid converter prototype was
used to demonstrate the gate driving and powering schemes,
validate their operations, and discuss performance and design
trade-offs. The experiments, circuits, and discussions in this
paper are aimed to be a good source of reference for future
engineering efforts in designing multi-level hybrid converters.
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